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Manipulating the morphology of inorganic nanostructures, such
as their chirality and branching structure, has been actively
pursued as a means of controlling their electrical, optical and
mechanical properties. Notable examples of chiral inorganic
nanostructures include carbon nanotubes1,2, gold multishell
nanowires3, mesoporous nanowires4,5 and helical nanowires6–8.
Branched nanostructures9–16 have also been studied and been
shown to have interesting properties for energy harvesting17

and nanoelectronics18. Combining both chiral and branching
motifs into nanostructures might provide new materials
properties. Here we show a chiral branched PbSe nanowire
structure, which is formed by a vapour–liquid –solid
branching from a central nanowire with an axial screw
dislocation. The chirality is caused by the elastic strain of the
axial screw dislocation, which produces a corresponding
Eshelby Twist19,20 in the nanowires. In addition to opening
up new opportunities for tailoring the properties of
nanomaterials, these chiral branched nanowires also provide a
direct visualization of the Eshelby Twist.

Two mechanisms have been widely studied for the growth of
micrometre whiskers and, more recently, nanowires (NWs). The
first is vapour–liquid–solid (VLS) growth21, in which metallic
particles are typically used as catalysts to promote nucleation and
unidirectional growth. The recent development of VLS growth
has led to rapid growth in the NW research field22,23. Branching
can easily be realized by subsequent metal nanoparticle
deposition and epitaxial growth on the preformed NWs10,11,13.
The second mechanism is mediated by an axial screw
dislocation8,24–27. A screw dislocation that terminates at the
surface is known to accommodate atoms efficiently at its step
because this is energetically favourable; this also promotes
unidirectional growth. The resulting one-dimensional materials
have an axial screw dislocation line running along the whiskers.

In 1953, Eshelby19 conducted a theoretical analysis of a screw
dislocation lying parallel to the axis of a thin rod. He showed
that the axial screw dislocation induces a torque in a rod of finite
length, which in turn leads to an elastic twist of the crystalline
lattice and thus the formation of a chiral pattern if at least one
end of the rod is free to rotate (Fig. 1a,b). This phenomenon has
since been called the Eshelby Twist. It differs from the chirality of
other structures, in that it is a result of elastic strain, but without
permanent plastic lattice distortion. Despite extensive
characterization8,24–26, there is no direct visualization showing the
lattice twisting along the dislocation line. Here we combine VLS

and screw dislocation-mediated growths to synthesize NWs with
both chiral and branching motifs. The basic concept is shown in
Fig. 1. The central NWs are first grown by the screw dislocation-
mediated mechanism (Fig. 1a), which produces an Eshelby Twist
under the condition that at least one end of NWs is free to rotate
(Fig. 1b). Subsequent growth by the VLS mechanism produces
branches epitaxially onto the central twisted NWs (Fig. 1c). The
arrangement of the pattern of branches provides direct
visualization of the Eshelby Twist. We noted similar work by
Bierman and colleagues on PbS NWs during the review process
of our work20.

We conducted our study on PbSe branched NW materials13–16.
The NW synthesis was accomplished in a tube furnace by co-
evaporation of low-melting-point metals such as bismuth and
PbSe powders at 650 8C for 1–3 h (see Methods). We have
previously shown that the low-melting-point metals can be used
as a VLS catalyst for the growth of PbSe NWs (ref. 13). In this
study, a screw-dislocation-mediated mechanism combined with
the VLS mechanism play an important role.

A typical as-grown substrate has two coexisting types of
branched NWs with distinct morphology, and each accounts for
�50% of the product, as shown in the scanning electron
microscopy (SEM) images of Fig. 2a,b. One type has been
studied previously in our group13 and by others14–16, and is now
called the regular branched NW. These structures occupied about
a 10 mm � 10 mm area and have many generations of NW
branches (Fig. 2c). All the branches are perpendicular or parallel
to each other because PbSe has a rock-salt crystal structure; all
the branches grow along the [001] or equivalent growth
directions with epitaxial interconnection. The other type
occupies a 10 mm � 50 mm elongated area by having NWs
branching from a long central NW (Fig. 2e). The immediate
branched NWs are perpendicular to the central NW, suggesting
the existence of epitaxial conditions with the growth being
along the [001] or equivalent directions. Most excitingly, the
immediately connected branches rotate around the central NW,
forming a chiral pattern (Fig. 2e). This observation suggests that
the central NW has its crystalline lattice twisted along its axis,
reminiscent of the Eshelby Twist. We term the second type of
branched NWs ‘chiral branched NWs’, which are the focus of this
study. There is an additional interesting feature in chiral
branched NWs. The length of the central NW is much longer
than its branches and those in regular branched NWs; this might
be because a screw dislocation with a permanent active growth
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step to incorporate atoms can promote growth much faster than
VLS growth. In addition, the low-melting-point catalysts at the
tip of branches can be vaporized, which terminates the VLS

growth and limits the length of the branches. We have not
observed any catalyst particles at the tip of branches13. So far,
why a screw dislocation is formed within a central NW is not
known, although this might be due to nucleation at defects in
the substrate or during PbSe island coalescence on the substrate28.

For a screw dislocation in a thin rod of circular cross-section
the twist per unit length has been calculated previously by
Eshelby19 to be a ¼ –b/(pR2), where b is the magnitude of the
Burgers vector and R is the rod radius. The length along the rod
over which the lattice is twisted by 3608 (2p radians) can be
calculated to be L ¼ 2p2(R2/b). Because the rotation of the
epitaxial branch directions reflects the twisting of the crystalline
lattice in the central NWs, L corresponding to branch rotation
by 3608 can be directly observed and measured. The radius R
can also be measured directly from the high-resolution SEM
images (Fig. 2e, inset). Therefore, the expected b can be
determined and compared with the lattice constant of PbSe
(a ¼ 0.612 nm), which can provide evidence for the Eshelby
Twist. Figure 2d plots the histogram of results measured over 31
chiral branched NWs. The magnitude of the Burgers vector b is
found to be 1–3 times the lattice constant. Bierman and
colleagues observed that the Burgers vector in their PbS chiral
branched structures has a distribution that is centred around
one lattice constant, although it also extends out to several
times the lattice constant20. In principle b should be an integer
multiple of the lattice constant because dislocations with
multiple unit Burgers vectors might exist at the centre of the
NW. The deviation from an integer in our results might be due
to several sources of errors. First, the assumption of a circular
cross-section might be erroneous. The central NWs have been
found to have round, square or other shaped cross-sections.
Second, the surface roughness of central NWs causes a diameter
variation along the axis of the NWs. Third, NWs have also been
found to be coated with amorphous SiOx after they are formed.
SiOx is believed to arise the silicon substrate during growth,
leading also to an error in determining R. Because b scales with
R2, a small variation in R can cause an appreciable change in b.
We estimate that the error in b due to the determination of R
can be up to 30%. Fourth, the epitaxial branches can affect how
the screw dislocation strain is distributed in central NWs, which
would further modify the exact formula for the Eshelby Twist.

To confirm the existence of an axial screw dislocation in the
central NW, we have carried out transmission electron
microscopy (TEM) studies. The NWs were mechanically
transferred to a lacey carbon support film on a TEM copper grid.
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Figure 2 Characterization of regular and chiral branched nanowires.

a,b, Scanning electron micrographs showing the coexistence of regular and

chiral branched PbSe nanowires. c, A regular branched NW. d, Histogram of the

magnitude of the Burgers vector in 31 chiral branched NWs with unit of PbSe

lattice constant (a ¼ 0.612 nm), assuming round cross-section. e, Single chiral

branched NWs (inset, high-resolution SEM).

Figure 1 Schematic showing the formation of chiral branched nanowires. a, A NW with an axial screw dislocation in the centre. Both ends of the NW are

clamped. b, At least one end of the NWs is free to rotate, resulting in an Eshelby Twist. c, The branches are grown epitaxially onto the central NW with an axial

screw dislocation by VLS growth.
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Figure 3a,b presents bright-field TEM images of chiral branched
NWs at lower and higher magnifications, respectively. The
dislocation is visible as a continuous dark line that extends from
one end of the NW to the other. The central position of the dark
line does not change with rotation, confirming a line defect
located at the NW centre. High-resolution lattice images such as
in the inset in Fig. 3b show that the lattice is free of defects
except for the central line defect.

The expected Burgers vector direction for such a propagating
screw dislocation in the rock-salt structure is [001], where [001] is
also the crystallographic direction of the NW axis. Two-beam
imaging confirmed the direction of the Burgers vector as [001],
based on the dislocation invisibility criterion, g . b ¼ 0. Here b

is the Burgers vector and g is the diffraction vector for a given
two-beam condition, the latter referring to a specimen tilt
where only one set of planes is at the Bragg diffracting
condition, and either the direct or diffracted beam is used to
form the image. For our chiral branched NWs, the dislocation
was found to be invisible for all diffraction vectors
perpendicular to the [001] direction, for example, [200], [020]
and [220], whereas it is visible for all other reflections, for
example, [111] and [002]. An example is shown in Fig. 3c,d.
The image of the screw dislocation line is clearly visible when
g ¼ [002] (Fig. 3c), but disappears when g ¼ [220] (Fig. 3d).
We note that the Burgers vector identified by Bierman and
colleagues for their PbS chiral branched NW structures is

1 μm

100 nm 200 nm 2 nm

100 nm 100 nm 100 nm

Figure 3 TEM characterization of PbSe chiral branched NWs. a, A single chiral branched NW. The white boxes indicate the positions at which the central NW has

twisted 4588888. Upper inset: convergent beam electron diffraction (CBED) pattern with a small condenser aperture obtained at the upper box with zone axis along the

[110] direction. Lower inset: CBED pattern obtained at the bottom box with zone axis along [100] direction. b, Enlarged image of single chiral branched NW with

continuous screw dislocation line (black) in the central NW. Inset: high-resolution TEM of a screw dislocation line. c, An image of a segment of chiral branched NW

taken with the g vector of [002] as indicated in the CBED pattern (inset). The dislocation line is clearly identified (black). d, An image of the same segment of chiral

branched NW as in c taken with the g vector of [220] as indicated in the inset. The dislocation line disappears in the image. e,f, Bright-field image (e) and dark-field

images (f) of a segment of chiral branched NW with a continuous screw dislocation line in the central NW.
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different; it is along the [110] direction, although the dislocation
line is seen along the [100] long axis of the NWs20.

In TEM, the electron diffraction is a sensitive way to measure
the orientation of the crystalline lattice. We analysed the rotation
of the NWs and the period of the chirality using convergent
beam electron diffraction (CBED) with a small condenser
aperture. This allowed us to follow the rotation by observing the
diffraction pattern as we moved the electron probe along the wire
axis. For example, starting with the end of the NW oriented at
[100] (bottom of Fig. 3a), we observed the diffraction pattern to
rotate continuously about the [001] direction as the probe moved
along the wire, reaching the [110] orientation (top of Fig. 3a) at
a length of �9.1 mm along the NW axis, which is a 458 rotation
of the crystal lattice. Because we are always near the [002]
diffracting condition during this exercise, the dislocation stays
visible in the image along the NW length, and, again, is observed
to maintain a central position. The NW has a diameter of 96 nm,
which, assuming a circular cross-section, leads to a calculated
value of b ¼ 0.624 nm. This magnitude of the Burgers vector is
equivalent to one lattice constant of PbSe. Figure 3e, f shows a
bright-field and corresponding [002] weak-beam dark-field
image on the same segment of a chiral branched NW, where the
dislocation is imaged as a narrow white line on a dark
background. Weak-beam dark-field imaging can be used to
resolve closely spaced dislocations, and such images were
observed along the length of several NWs, confirming that only
one dislocation line was present in the NWs.

Our experimental results have shown that the axial screw
dislocation has the following characteristics: (1) there is only
one screw dislocation line, which runs along the centre of the
NW; (2) the magnitude of the Burgers vector can be one, two
or three times the lattice constant for the NW diameters of 50–
200 nm; (3) there is no screw dislocation observed in the side-
branched NWs. Eshelby19 was the first to show, for a rod with a
circular cross-section and torque-free end, that such a screw
dislocation would find an equilibrium position along the axis of
the rod, regardless of the diameter of the rod. This means,
perhaps counter-intuitively, that such screw dislocations would
also be stable in NWs of arbitrarily small diameters. He also
showed that the elastic field of the dislocation would cause the

rod to be uniformly twisted; indeed the torsional elastic field
associated with the twist provides the stabilizing force causing
the dislocation to remain at the centre of the NW. To
understand the stability of such a dislocation configuration it is
useful to work with the elastic field of a single screw dislocation
with a Burgers vector of magnitude b that lies parallel to the
z-axis of a rod of radius R, but displaced from the centreline by
distance j along the x-axis (Fig. 4a). The rod is assumed to be
elastically isotropic with shear modulus m.

If the end of the rod is free to rotate as in our NW case, the
image and torsional displacement fields lead to stresses that exert
Peach–Koehler forces on the dislocation. After correcting a
typographical error in Eshelby19 and expressing the result in non-
dimensional form, we find that the force (per unit length) acting
on a single screw dislocation in such a rod is

2pRf ð1Þx

mb2
¼ k f ð1Þx l ¼ t

1

1� t2
� 2 1� t2
� �� �

ð1Þ

where t ¼ j/R. For small t, the force on the dislocation is negative,
indicating that the centreline is a stable equilibrium position for
the dislocation. If a dislocation with Burgers vector 2b is present
in the NW then it too would find a stable equilibrium position at
the centreline of the wire, provided it does not split into two
separate dislocations. The corresponding twist per unit length
would be twice that for a single dislocation of Burgers vector b, if
it is at the centre of the NW. In that case the force on such a
super-dislocation would be given by equation (1) with b being
replaced by 2b:

2pRf ð2Þx

mb2
¼ k f ð2Þx l ¼ 4t

1

1� t2
� 2 1� t2
� �� �

: ð2Þ

We now consider the case in which a dislocation with Burgers
vector 2b decomposes into two separate dislocations, each with
Burgers vector b. These like-signed dislocations would repel each
other (say along the x-axis) to reduce the elastic energy of the
system. We consider one of the dislocations to be located at (j, 0)

y
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Figure 4 Dislocation force curve simulation. a, Cross section of a NW with a radius of R and screw dislocation line a distance j away from the centre.

b, The force as a function of the normalized distance from the centre of a NW. Two cases are indicated: kfx
(2)l for single screw dislocation with a Burgers vector 2b,

and kf x
(1 – 1)l for two screw dislocation lines each with Burgers vector b. The stable state of the axial dislocation line in each case is indicated by an arrow and a

cross-sectional view.
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with the other located at (2j, 0). It is easy to express the
Peach–Koehler force on the dislocation located at (j, 0) as

2pRf ð1�1Þ
x

mb2
¼ k f ð1�1Þ

x l ¼ 1

2t
þ 2t

t2

1� t4
� 2 1� t2
� �� �

: ð3Þ

Equations (2) and (3) describe the stability of the super-
dislocation or the pair of unit dislocations. These forces are
shown as a function of t in Fig. 4b. There we see that k fx

(2)l is
zero at t ¼ 0 and negative for t , 0.55. Any super-dislocation
within t , 0.55 would be expected to glide to the centre of the
NW. If the super-dislocation is located in the region t . 0.55
then k fx

(2)l is positive and the dislocation would glide to the
surface of the NW, leaving the NW dislocation free and without
an Eshelby Twist. The force acting between the two unit
dislocations, k fx

(1 – 1)l, is also shown in Fig. 4b. There one sees
that the force is positive for t , 0.4, indicating that the like-
signed dislocations repel each other, as expected. Surprisingly,
the force is negative in the domain 0.4 , t , 0.67 before turning
positive again for t . 0.67. This means that the two like-signed
screw dislocations would find a stable equilibrium configuration
at t � 0.4 (Fig. 4b).

The twist (per unit length) for the pair of dislocations located at
t ¼+0.4 is less than that for the super-dislocation at the centre of
the NW but greater than that for a single dislocation at the centre of
the NW. Although super-dislocations might be expected to separate
into single dislocations to reduce the strain energy of the NW, such
multiple dislocation lines have not been observed in the PbSe chiral
branched NWs. This might be because splitting the super-
dislocations into two dislocations requires significant nucleation
energy for a new screw dislocation.

METHODS

The synthesis was conducted in a similar way as in our previous studies13.
A 12-in. horizontal tube furnace (Lindberg/Blue M) equipped with a
1-in.-diameter quartz tube was used. Bismuth powder, as catalyst, was placed in
the upstream. The source material, PbSe (Sigma Aldrich, purity 99.999%) was
positioned in the middle of the furnace. The substrates, native-oxidized silicon
k100l , were placed downstream. A 5% H2 in N2 gas mixture acted as a carrier gas
to transport vapours from upstream to downstream. The tube was pumped to a
base pressure of 60 mTorr and flushed with the carrier gas repeatedly to decrease
oxygen contamination. The carrier gas flow rate was maintained at 120 s.c.c.m. at
a pressure of 30 Torr during growth. The typical growth temperature was 650 8C,
and grow time 1–3 h. The morphology and structure of samples were
characterized using an FEI Sirion scanning electron microscope and a Philips
CM20 transmission electron microscope operating at 200 kV.
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